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Evidence is mounting that charge order competes with superconductivity in high 
Tc cuprates. Whether this has any relationship to the pairing mechanism is unknown 
since neither the universality of the competition nor its microscopic nature has been 
established. Here using nuclear magnetic resonance, we show that, similar to La-214, 
charge order in YBa2Cu3Oy has maximum strength inside the superconducting dome, at 
doping levels p=0.11–0.12. We further show that the overlap of halos of incipient charge 
order around vortex cores, similar to those visualised in Bi-2212, can explain the 
threshold magnetic field at which long-range charge order emerges. These results reveal 
universal features of a competition in which charge order and superconductivity appear 
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as joint instabilities of the same normal state, whose relative balance can be field-tuned 
in the vortex state. 
 
INTRODUCTION 
The enhancement of spin-stripe order by a magnetic field in La-214 (ref. 1) and the 
enhanced modulation of the local density of states (LDOS) around the vortex cores in Bi-2212 
(ref. 2) are milestone results which have promoted the idea of electronic ordering that 
competes with superconductivity3-7. Recently, the discovery of charge order in YBa2Cu3Oy 
appearing only for fields perpendicular to the copper-oxide planes sufficiently strong to be 
detrimental to superconductivity8, as well as the subsequent observation of related charge 
density wave (CDW) fluctuations9-11, have provided further evidence of competition. The 
unambiguous observation of charge order, without spin order, in this compound with a low 
level of disorder is significant as it reveals the ubiquity of charge ordering tendencies in the 
normal state of cuprate superconductors. Furthermore, it gives unprecedented opportunity to 
follow, specifically by NMR, how charge order arises and develops starting deep in the 
superconducting state where transport techniques are inoperative, through the vortex melting 
field Hmelt where ultrasound measurements are blurred, up to field values comparable to Hc2 
which have so far been out of reach for scattering and tunnelling techniques. Here we show 
with NMR that charge order, i.e. a static, long-range, spatial modulation of the charge density, 
emerges above a threshold magnetic field in the vortex-solid state and we show how this 
result can be related to earlier evidence of competing orders, thereby highlighting universal 
aspects of the competition between superconducting and charge orders in cuprates. These 
results constrain theories relating cuprate superconductivity to the charge instability. 
RESULTS 
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Field-dependence of charge order 
Charge order in YBa2Cu3Oy modifies the NMR lineshapes of some of the copper and 
oxygen (63Cu and 17O) sites in CuO2 planes (ref. 8 and Fig. 1). Here, we adopt the simplest 
description of these modifications, namely a line splitting8. Should the actual lineshape in the 
charge ordered state be more complex than a simple splitting, this would affect the discussion 
of the exact pattern of charge order, but not the conclusions of this article which are 
independent of such details. The spectral modifications induced by the charge order are 
relatively small, so that detecting a possible departure from a splitting or hypothetical field-
dependent modifications (for instance due to a field-dependent ordering wave-vector) is 
currently beyond our experimental resolution.  
The net line splitting involves a splitting ∆νmagn of magnetic hyperfine origin and a 
splitting ∆νquad of electric quadrupole origin. Since νquad at Cu and O sites in the cuprates is a 
linear function of p (ref. 12), we take ∆νquad to be, in the first approximation, a measure of a 
charge density difference, i.e. the amplitude of the charge order. The expression 'charge order' 
will be used here generically, with no regard given to its specific morphology, e.g. uni- or bi-
directional, or its microscopic origin such as Fermi surface instability, electron-phonon 
coupling or strong correlation effect. 
The sharp temperature dependence of the NMR splitting below the onset temperature 
Tcharge (Fig. 2a and ref. 6) and recent ultrasound measurements 13 already indicate that charge 
order occurs through a phase transition. However, up to now, the field dependence for 
T << Tcharge has not been accessed. The new central result is our observation at T≈3 K of a 
sharp square-root type increase of ∆νquad, ∆νquad ∝ (H-Hcharge)1/2, starting above a threshold 
field Hcharge ≈ 10.4 T in a sample having p=0.109 and ortho-II oxygen order (Fig. 3a). 
Qualitatively similar results, albeit covering a smaller field range, were obtained for three 
other samples from either 63Cu or 17O NMR (Fig. 3b-d). This constitutes the first example of a 
(apparently second-order) quantum phase transition, controlled by the magnetic field, from a 
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homogeneous d-wave superconductor to a superconductor with charge-order. Remarkably, 
the low values of the magnetic hyperfine shift K (Fig. 2c) reveal that the spin-singlet 
correlations characteristic of the pseudogap state retain their strength in high fields. Charge 
ordering thus leaves the pseudogap intact.  
 
Relationship with other probes of charge order in YBa2Cu3Oy 
The finite value of Hcharge suggests that there is no static long range charge order in zero 
field, in agreement with the interpretation of X-ray results in terms of charge-density-wave 
fluctuations9. We note that our Hcharge ≈ 9.3 T for p = 0.12 corresponds approximately to the 
field above which the intensity and the width of the superlattice peaks in X-ray 
measurements10 become larger in the low temperature limit (T = 2 K) than at 66 K, that is at 
the zero-field Tc. This suggests that Hcharge corresponds to a threshold in the screening of the 
CDW correlations by the superconducting regions of the sample (see next section for a more 
precise interpretation of this threshold). On the other hand, sound velocity data13 for p = 0.108 
suggest Hcharge ≈ 18 T (c11 mode) and Hcharge ≈ 16±2 T (other modes), both larger than 
Hcharge ≈ 10.4±1.0 T in NMR for p=0.109. It is possible that NMR somewhat underestimates 
Hcharge if pre-transitional effects modify the lineshape below the real Hcharge. This should lead 
to some caution regarding the precise value of Hcharge but it does not affect the conclusions of 
this paper. 
 
Relationship with vortex physics 
For all samples, Hcharge ≈ 9-15 T is found to be lower than the melting transition of the 
vortex lattice which takes place at Hmelt > 20 T for T ≤ 5 K (ref. 14). The charge-ordering 
transition thus occurs inside the vortex-solid phase. Since the vortex cores represent normal 
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regions of radius ξSC within the superconductor, it is expected 15-17 that the charge fluctuations 
detected above Tc (refs. 9-11) continue to develop at low temperatures within the cores where 
they escape the competition with superconductivity. As suggested by LDOS modulations in 
Bi-2212 (ref. 2), halos of incipient charge order are centred on the cores and they extend over 
a typical distance ξcharge > ξSC (Fig. 4). In these halos, the order is presumably fluctuating 
faster than the NMR splitting frequency ∆ν or is at most weakly pinned so that any static 
modulation remains weak. With increasing the field, the long-range, static, charge order is 
expected to appear when these halos start to overlap. This should occur at 
Hcharge = Φ0/(2πξcharge2) since the halo density equals the density of vortices whose cores start 
to overlap at the upper critical field Hc2 = Φ0/(2πξSC2). Owing to our observation of a field-
induced transition to the charge-ordered state, this prediction is now confirmed by 
experiments for the first time: Hcharge = 9.3±1.3 T for p = 0.12 (ortho-VIII) translates into 
ξcharge = 16a, where a is the planar Cu-Cu distance. This is to be compared to ξcharge ≈ 19a 
measured at H =9 T and T = 2 K by X-ray diffraction for the same doping level10. Despite the 
obvious simplistic nature of the description (for instance, neither a coupling between CuO2 
planes nor an in-plane anisotropy of ξcharge are considered), this agreement is a strong support 
of its validity. This is the second central result of this work. 
 
Doping dependence of charge order around p=0.11–0.12. 
On increasing the field further in the p = 0.109 sample, ∆νquad saturates at fields of 30-
35 T (Fig. 3a). Remarkably, this field scale is similar to Hc2, as defined from transport 
measurements in these samples14,18-20, indicating that the growth of the amplitude of the 
charge order is controlled by the decrease of the superconducting order parameter. While the 
precise value of Hc2 is a matter of debate21, a dip of Hc2 near p = 0.115-0.12 and values in the 
range 24-60 T appear to be robust conclusions. Furthermore, this dip of Hc2 is paralleled by 
both a minimum of Hcharge (Fig. 3e) and by a maximum of Tcharge near p = 0.115-0.12 
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(Fig. 2b). These correlations are again a manifestation of the competition between 
superconductivity and charge order and they are consistent with charge order being strongest 
near p = 0.115-0.12 (ref. 22) which is within the superconducting dome. 
This last observation is, however, puzzling. On one hand, there is an obvious parallel 
with the stabilisation of charge stripes of period λ ≈ 4a at a similar (but not strictly identical) 
doping of p = 0.125 = 1/8 in La-214 and possibly in Bi-2212 (ref. 23). This similarity would 
be natural if the charge density wave in YBa2Cu3Oy (p ≈ 0.12) also had λ ≈ 4a. On the other 
hand, if the charge order is incommensurate with λ ≈ 3.3a (refs. 9-11), there is no obvious 
reason why it should be more stable near p ≈ 0.12, especially since the chain-oxygen order 
does not seem to play a prominent role in determining Hcharge given our finding of similar 
Hcharge values in ortho-II (p = 0.109) and ortho-VIII (p = 0.12) samples (Fig. 3e). 
 
DISCUSSION 
Even if our understanding of the charge order in YBa2Cu3Oy (and perhaps of the 1/8 
problem in general) is incomplete, the results reported here reveal an outstanding universality 
of magnetic field effects in underdoped cuprates. Indeed, a competition between 
superconductivity and charge order has also been argued6,15-17 to provide a natural explanation 
of the field-enhanced spin and charge orders in La-214 (refs. 1,3-6) and LDOS modulations in 
Bi-2212 (refs. 2,7). Despite possible differences in the morphology of the charge order that 
may depend on the crystallographic structures and on the level of disorder in different 
families of cuprates, the above experiments and the results in YBa2Cu3Oy are all consistent 
with the idea that a magnetic field applied perpendicular to the CuO2 planes generates vortices 
around which fluctuating or weakly pinned, short range charge order is revitalised. The long-
range order that should follow from the charge instability of the normal state is initially 
hindered by superconductivity but it eventually sets in when a sufficiently high density of 
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vortices is reached. On the other hand, when charge order and superconductivity already 
coexist in zero field, the charge order is simply enhanced by the field6. 
This field-tuned competition differs from the simple coexistence of charge-density-
wave order and superconductivity in e.g. NbSe2 for which the onset of superconductivity 
occurs well below the CDW transition and does not affect CDW order. Therefore, the 
magnetic field has no effect on the CDW24. The competition in cuprates is apparently also 
different from the competition and coexistence of two adjacent phases in the phase diagram of 
other unconventional superconductors: in this case, the transition to the competing phase can 
take place at much higher temperature than superconductivity which occurs near the verge of 
this competing phase25. Here, in contrast, the maximum of Tcharge (and Hcharge) occurs at 
p = 0.11-0.12 within the superconducting dome and the transition temperatures are similar 
(Tc ~ Tcharge), indicating that the two orders have very close energy scales near p = 0.11-0.12. 
Such near-degeneracy suggests that, although competing, charge order and superconductivity 
are joint instabilities of the same normal (pseudogap) state in this doping range. 
Despite the mounting evidence for a charge ordering instability in virtually all cuprate 
families2,6,8-11,23,26-30, there is still a long way to go before elucidating the importance of this 
instability in determining the properties of the cuprates. Neither the possibility of an 
intertwining of the charge and superconducting order parameters31 nor the possibility of a 
direct relationship between the two orders32,33 can be addressed by the present results. 
Furthermore, more work is needed to understand whether the competition between charge 
ordering and superconductivity is fundamentally, or only superficially, different from that in 
other systems showing CDW and superconducting orders in their phase diagrams34,35. The 
most pressing question for clarifying these issues is now to determine how far the charge 
instability extends in the temperature vs. doping phase diagram.  
 
METHODS 
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Samples 
High quality, oxygen-ordered (Supplementary figure S1), detwinned single crystals of 
YBa2Cu3Oy were grown in non-reactive BaZrO3 crucibles from high-purity starting 
materials 36. Two samples were enriched with the oxygen-17 (17O) isotope which, unlike 16O, 
possesses a nuclear spin. Table 1 summarises the properties of the four samples studied in this 
work. Note that the p values are obtained on the basis of the values of the superconducting 
transition temperature Tc, as measured by SQUID, using the well-known calibration37. Since 
this calibration was established for samples with 16O, the isotope effect on the transition 
temperature Tc of the 17O-enriched samples must be taken into account. Since 16O-18O 
exchange produces a change ∆Tc≈-2 K in the Y-123 system with Tc values around 60 K 
(ref. 38), the hole content of the two 17O-enriched crystals was estimated using a Tc value 
corrected by ∆Tc = +1 K with respect to their Tc value measured by SQUID. This is based on 
the standard expression for the isotope effect ∆Tc/Tc=-α∆M/M where M is the isotope mass, 
and α is the isotope effect exponent (α ≈ 0.27 here in YBa2Cu3Oy). The correction for 
16O→17O exchange is thus half of that for 16O→17O. 
 
NMR spectra of quadrupolar nuclei 
The resonance frequency of a given (m ↔ m-1) transition for a nucleus of spin I > 1/2 is given 
by the sum of magnetic hyperfine and electric quadrupole contributions39:  
ν(𝑚 ↔ 𝑚 − 1) = νmagn +  νquad(𝑚 ↔ 𝑚− 1),  (1) 
with -I+1 ≤ m ≤ I, νmagn = (1 + 𝐾𝑧𝑧) νref, where Kzz is the component of the hyperfine 
magnetic shift tensor 𝒦 along the magnetic field direction and 𝜈ref = γH is a reference 
frequency (such as the resonance frequency of the bare nucleus in vacuum or the resonance 
frequency of the nucleus in a substance without unpaired electrons). 
9 
To first order in perturbation (although not negligible, the second order is not necessary for 
the simple qualitative background that we intend to provide here), 
𝜈quad = 12�𝑚 − 12� (3 cos2 𝜃 − 1 − 𝜂 sin2 𝜃  cos 2𝜙)𝜈Q,  (2) 
where 𝜈Q =  3𝑒2𝑞𝑄2𝐼(𝐼−1)ℎ  is the quadrupole frequency, and 𝑒𝑞 = ∂2𝑉∂2z =  𝒱𝐳𝐳 where V is the 
electrostatic potential at the nucleus position and 𝒱 is the corresponding electric field gradient 
tensor. The principal axes (X,Y,Z) of the 𝒱 tensor are defined such that | 𝒱XX| ≤ | 𝒱YY| ≤ | 𝒱ZZ| 
and the asymmetry parameter η=( 𝒱XX- 𝒱YY)/ 𝒱ZZ. θ is the polar angle between the magnetic 
field direction z and 𝒱ZZ and φ is the azimuthal angle in the (x,y) plane perpendicular to the 
field. For planar 63Cu, Z is the crystalline c-axis, while for planar 17O Z is the Cu-O-Cu 
direction (i.e. a for O(2) and b for O(3)). Supplementary figure S2 shows a sketch of a typical 
quadrupole-split NMR spectrum.  
Understanding precisely how the charge density modulation affects the electric field gradient 
and thus modifies ∆νquad = f(νQ,η,θ,φ) requires complex ab-initio calculations which are 
beyond the scope of this article. Since νquad at Cu and O sites in cuprates is a linear function of 
p (ref. 13), we take ∆νquad to be, in the first approximation, a measure of a charge density 
difference, that is the amplitude of charge order. 
 
NMR methods 
Experiments were performed in the LNCMI-Grenoble resistive magnets M1, M9 and M10 as 
well as in the NHFML hybrid magnet. Standard spin-echo techniques were used with 
heterodyne spectrometers. Spectra were obtained at fixed magnetic fields by combining 
Fourier transforms of the spin-echo signal recorded for regularly-spaced frequency values40.  
The 27Al NMR reference signal from metallic aluminium was used to calibrate the external 
magnetic field values. The 17K measurements were performed with H||c, on the central line, 
that is the (-1/2 ↔ 1/2) transition, where O(2) and O(3) sites overlap. The 17K values thus 
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represent average values for these two sites. Neither the very weak and broad 17O signal from 
the chains nor the sharp signal from apical 17O sites significantly affected the determination of 
the position of the O(2,3) central line. 17K values are given with respect to the resonance 
frequency of the bare nucleus and they are in excellent agreement with earlier works41. 
In order to determine the 17O line-splitting, the magnetic field was tilted by θ = 16° off the c-
axis in order to separate O(2) from O(3) satellite transitions. In that case, the quoted magnetic 
field values correspond to the c-axis component (that is they are corrected by a factor 
cos(16°) = 0.961 with respect to the total external field values), which is justified by the 
disappearance of charge order when H⊥c (ref. 8).  
We report here the field-induced modifications of the O(2) NMR lines, which are those sites 
from Cu-O-Cu bonds aligned along the a axis, which is perpendicular to the chain direction b. 
Clear field-induced spectral modifications are also observed for O(3E) and/or O(3F) sites 
(planar sites in bonds along b, below empty and filled chains, respectively) but these could 
not be easily analysed since the O(3E) and O(3F) lines overlap. A complete account and 
interpretation of 17O NMR spectra in the charge-ordered state is beyond the scope of the 
present work and will be published separately (Wu, T. et al., in preparation). 
 
Analysis of NMR spectra 
The separation of the magnetic hyperfine, ∆νmagn, and quadrupole, ∆νquad, contributions to the 
total line splitting was performed by reproducing the experimental positions of 63Cu(2F) or 
17O(2) lines with a simulation based on an exact diagonalisation of the nuclear-spin 
Hamiltonian. For 17O(2), it is also possible to extract ∆νquad by subtracting the total splitting 
∆νtotal(1) = ∆νmagn + ∆νquad of the (1/2 ↔ 3/2) satellite from the total splitting 
∆νtotal(2) = ∆νmagn + 2∆νquad of the (3/2 ↔ 5/2) satellite. However, ∆νtotal(1) is not always 
experimentally accessible. For p=0.09, the saturation of ∆νquad and ∆νmagn above ~30 T is 
confirmed by the linear field-dependence of the total splitting ∆ν = 
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∆νquad + ∆νmagn = ∆νquad + ∆Kzz γH, and by the perfect overlap of the lineshapes of the 63Cu 
central transition at all fields above 30 T when plotted in a frequency scale normalised by 
field. 
No stable fit of the temperature dependence of ∆vquad could be performed close to Tcharge. 
Nevertheless, we found that the temperature dependence of the guide to the eye shown in 
Fig. 2a for the p=0.125 data also matches very well the data for p=0.104 (6) and p=0.109. We 
thus used this guide to determine the transition temperature of the charge-ordered state, Tcharge. 
Hcharge is determined by fitting ∆vquad data to (H-Hcharge)0.5, so that the result does not depend 
on the points for which ∆vquad is assumed to be zero. The value of Hcharge is largely determined 
by the curvature of ∆vquad vs. H: that is, the data points for which the large splitting results in 
relatively small error bars contribute as much as the points close to Hcharge which have larger 
error bars. The data for the p=0.109 sample were fit to (H-Hcharge)α and the fit resulted in 
α = 0.49 ± 0.09. 
 
(Date received………………………………..) 
 
1. Lake, B. et al., Antiferromagnetic order induced by an applied magnetic field in a high-
temperature superconductor. Nature 415, 299–302 (2002). 
2. Hoffman, J. E. et al. A four unit cell periodic pattern of quasi-particle states surrounding 
vortex cores in Bi2Sr2CaCu2O8+δ. Science 295, 466–469 (2002). 
3. Katano, S. et al. Enhancement of static antiferromagnetic correlations by magnetic field in 
a superconductor La2-xSrxCuO4 with x=0.12. Phys. Rev. B 62, R14677 (2000). 
4. Khaykovich, B. et al. Field-induced transition between magnetically disordered and 
ordered phases in underdoped La2-xSrxCuO4. Phys. Rev. B 71, 220508R (2005). 
12 
5. Chang J. et al. Tuning competing orders in La2-xSrxCuO4 cuprate superconductors by the 
application of an external magnetic field. Phys. Rev. B 78, 104525 (2008). 
6. Wen, J. et al. Uniaxial linear resistivity of superconducting La1.905Ba0.095CuO4 induced by 
an external magnetic field. Phys. Rev. B 85, 134513 (2012). 
7. Lévy, G. et al. Fourfold structure of vortex-core states in Bi2Sr2CaCu2O8+δ. Phys. Rev. Lett. 
95, 257005 (2005). 
8. Wu, T. et al. Magnetic-field-induced charge-stripe order in the high-temperature 
superconductor YBa2Cu3Oy. Nature 477, 191–194 (2011). 
9. Ghiringhelli, G. et al. Long-range incommensurate charge fluctuations in 
(Y,Nd)Ba2Cu3O6+x. Science 337, 821–825 (2012). 
10. Chang, J. et al. Direct observation of competition between superconductivity and charge 
density wave order in YBa2Cu3O6.67. Nature Phys. 8, 871–876 (2012). 
11. Achkar, A. J. et al. Distinct charge orders in the planes and chains of ortho-III ordered 
YBa2Cu3O6+δ identified by resonant elastic x-ray scattering. Phys. Rev. Lett. 109, 167001 
(2012). 
12. Zheng, G.-q., Kitaoka, Y., Ishida, K. & Asayama, K., Local hole distribution in the CuO2 
plane of high-Tc Cu-oxides studied by Cu and oxygen NQR/NMR. J. Phys. Soc. Jpn. 64, 
2524–2532 (1995). 
13. LeBœuf, D. et al. Thermodynamic phase diagram of static charge order in underdoped 
YBa2Cu3Oy, Nature Phys. 9, 79–83 (2013). 
14. Ramshaw, B. et al. Vortex lattice melting and Hc2 in underdoped YBa2Cu3Oy. Phys. Rev. 
B 86, 174501 (2012). 
15. Zhang, Y., Demler, E. & Sachdev, S. Competing orders in a magnetic field: Spin and 
charge order in the cuprate superconductors. Phys. Rev. B 66, 094501 (2002). 
13 
16. Kivelson, S.A., Lee, D.-H., Fradkin, E. & Oganesyan, V. Competing order in the mixed 
state of high-temperature superconductors. Phys. Rev. B 66, 144516 (2002). 
17. Vojta, M. Lattice symmetry breaking in cuprate superconductors: Stripes, nematics, and 
superconductivity. Adv. Phys. 58, 699–820 (2009). 
18. Ando, Y. & Segawa, K. Magnetoresistance of untwinned YBa2Cu3Oy single crystals in a 
wide range of doping. Phys. Rev. Lett. 88, 167005 (2002). 
19. Le Boeuf, D. et al. Electron pockets in the Fermi surface of hole-doped high-Tc 
superconductors. Nature 450, 533–536 (2007). 
20. Sebastian, S. E. et al. A multi-component Fermi surface in the vortex state of an 
underdoped high-Tc superconductor. Nature 454, 200–203 (2008).  
21. Riggs, S. C. et al. Heat capacity through the magnetic-field-induced resistive transition in 
an underdoped high-temperature superconductor. Nature Phys. 7, 332–335 (2011). 
22. Le Boeuf, D. et al. Lifshitz critical point in the cuprate superconductor YBa2Cu3Oy from 
high-field Hall effect measurements. Phys. Rev. B 83, 054506 (2011). 
23. Parker, C. V. et al. Fluctuating stripes at the onset of the pseudogap in the high-Tc 
superconductor Bi2Sr2CaCu2O8+x. Nature 468, 677–680 (2010). 
24. Du, C.H. et al. X-ray scattering studies of 2H-NbSe2, a superconductor and charge density 
wave material, under high external magnetic fields. J. Phys.: Condens. Matter 12, 5361–5370 
(2000). 
25. Taillefer, L. Scattering and pairing in cuprate superconductors. Annu. Rev. Condens. 
Matter Phys. 1, 51–70 (2010). 
26. Laliberté, F. et al. Fermi-surface reconstruction by stripe order in cuprate 
superconductors. Nature Comm. 2, 1–6 (2011). 
27. Howald, C. et al. Periodic density-of-states modulations in superconducting 
Bi2Sr2CaCu2O8+δ. Phys. Rev. B 67, 014533 (2003).  
14 
28. Kohsaka, Y. et al. How Cooper pairs vanish approaching the Mott insulator in 
Bi2Sr2CaCu2O8+δ. Nature 454, 1072–1078 (2008). 
29. Wise, W.D. et al. Charge-density-wave origin of cuprate checkerboard visualized by 
scanning tunnelling microscopy. Nature Phys. 4, 696–699 (2008). 
30. Doiron-Leyraud, N. et al. Hall and Nernst coefficients of underdoped HgBa2CuO4+δ: 
Fermi-surface reconstruction in an archetypal cuprate superconductor. Preprint available at 
http://arxiv.org/abs/1210.8411 (2012). 
31. Berg, E., Fradkin, E., Kivelson, S. A. & Tranquada, J. M. Striped superconductors: How 
spin, charge and superconducting orders intertwine in the cuprates. New J. Phys. 11, 115004 
(2009). 
32. Castellani, C., Di Castro, C., & Grilli, M. Singular Quasiparticle Scattering in the 
Proximity of Charge Instabilities. Phys. Rev. Lett. 75, 4650–4653 (1995). 
33. Emery, V.J., Kivelson, S.A. & Zachar, O. Spin-gap proximity effect mechanism of high-
temperature superconductivity. Phys. Rev. B 56, 6120–6147 (1997). 
34. Morosan, E. et al. Superconductivity in CuxTiSe2. Nature Phys. 2, 544–550 (2006). 
35. Wagner, K.E. et al. Tuning the charge density wave and superconductivity in CuxTaS2. 
Phys. Rev. B 78, 104520 (2008).  
36. Liang, R., Bonn, D.A. & Hardy, W.N. Growth of YBCO single crystals by the self-flux 
technique. Philosophical Magazine 92, 2563 (2012). 
37. Liang, R., Bonn, D.A. & Hardy, W.N. Evaluation of CuO2 plane hole doping in 
YBa2Cu3O6+x single crystals. Phys. Rev. B 73, 180505 (2006). 
38. Bornemann, H. J. & Morris, D. E. Isotope effect in YBa2-xLaxCu3Oz: Evidence for 
phonon-mediated high-temperature superconductivity. Phys. Rev. B 44, 5322–5325 (1991). 
39. Carter, G. C., Bennett, L. H. & Kahan, D. J. Metallic shifts in NMR I (Pergamon Press, 
Oxford, 1977). 
15 
40. Clark, W. G., Hanson, M. E., Lefloch, F. & Ségransan, P. Magnetic resonance spectral 
reconstruction using frequency-shifted and summed Fourier transform processing. Rev. Sci. 
Instrum. 66, 2453–2464 (1995). 
41. Horvatić, M. et al., Nuclear-spin-lattice relaxation rate of planar oxygen in YBa2Cu3O6.52 
and YBa1.92Sr0.08Cu3O7 single crystals. Phys. Rev. B 48, 13848–13864 (1993). 
42. Kawasaki, S. et al. Carrier-concentration dependence of the pseudogap ground state of 
superconducting Bi2Sr2-xLaxCuO6+δ revealed by 63,65Cu-nuclear magnetic resonance in very 
high magnetic fields. Phys. Rev. Lett. 105, 137002 (2010). 
 
 
Acknowledgements: We thank N. Doiron-Leyraud, J. Hoffman, B. Keimer, S. Kivelson, D. Le Boeuf, M. Le 
Tacon, C. Proust, L. Taillefer, B. Vignolle, M. Vojta for discussions. Work at Grenoble was supported by the 7th 
framework programme "Transnational Access" of the European Commission, contract N° 228043 – 
EuroMagNET II – Integrated Activities, by Pôle SMIng - Université J. Fourier - Grenoble and by the French 
Agence Nationale de la Recherche (ANR) under reference AF-12-BS04-0012-01 (Superfield). Work at 
Tallahassee was supported by National Science Foundation Cooperative Agreement No. DMR-0654118, the 
State of Florida, and the U.S. Department of Energy. Work at Vancouver was supported by the Canadian 
Institute for Advanced Research and the Natural Science and Engineering Research Council. 
Authors’ Contributions: R.L., W.N.H. and D.A.B. prepared the samples. T.W., H.M, S.K. P.L.K. A.P.R. and M.-
H.J. performed the experiments. S.K., M.H. and H.M. developed the NMR setups in Grenoble. P.L.K and A.P.R. 
developed the NMR setups in Tallahassee. T.W. and M.-H.J. analysed the data. C.B. provided conceptual advice. 
M.H.J. wrote the paper and supervised the project. All authors discussed the results and commented on the 
manuscript.  
The authors declare no competing financial interests. Correspondence and requests for materials should be 
addressed to M.-H.J. (marc-henri.julien@lncmi.cnrs.fr).  
16 
 
Figure 1 | 17O NMR evidence of charge order in YBa2Cu3O6.56 (p=0.109). 
Magnetic field induced modifications of the highest-frequency quadrupole satellite of 
O(2) sites (lying in bonds oriented along the a axis) at T = 2.9 K. f0 (~40-160 MHz) is 
the frequency of the centre of the shown spectrum. Continuous lines are fits with one 
Gaussian at 6.2 and 9.6 T and with two Gaussian functions (each shown as a dotted 
line) at higher fields. See Methods section for more information about the 17O 
spectra. 
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Figure 2 | Temperature-induced transition towards charge order in the 
pseudogap state. 
a, Quadrupole part of the splitting of the highest-frequency O(2) quadrupole satellite 
for p = 0.109 and p = 0.125 (see Methods for details) as a function of temperature in 
fields of 27.4 and 28.8 T, respectively. The lines are guides to the eye. b, Transition 
temperature Tcharge showing a maximum around hole doping p = 0.115-0.12. The 
thick trace is a guide to the eye. c, Magnetic hyperfine shift 17K of O(2,3) sites for 
p = 0.109 and H||c. No anomalous change of 17K is observed across Tcharge. At low 
temperature in the charge ordered state, the maximum shift variation ∆17K ≈ 0.01 % 
between 12 and 28.5 T (yellow region) represents a minor change compared to the 
decrease ∆17K  ≈ 0.12 % between T = 300 K and 60 K associated with the 
pseudogap. The pseudogap is thus essentially unaffected by the occurrence of 
charge order. This result agrees with the relatively modest size of the field-induced 
changes in the 63Cu relaxation rate 1/T1 (ref. 8). The field dependence of 17K below 
Tc arises from the density of nodal states in a d-wave superconductor42. Error bars 
represent standard deviations of the fit parameters.  
 
0.08 0.10 0.12 0.14
0
50
100
0 50 100
0
20
40
cb
p=0.125
 
 
∆1
7 ν
qu
ad
 (k
Hz
)
T (K)
p=0.109
a
 
 
T c
ha
rg
e (
K)
p (hole/Cu)
0 50 100 150
0.00
0.04
0.08
28.5 T
 
17
K 
(%
)
 
T (K)
Tc (H=0)
12 T p=0.109
18 
 
Figure 3 | Quantum phase transition to the charge ordered state. 
a, Quadrupole part of the splitting of the O(2) line shown in Fig. 1 for p=0.109 and 
T≈3 K (see Methods for details). The thick red trace is a guide to the eye. The thin 
black line is a fit to (H-Hc)0.5. b, Quadrupole splitting of 63Cu(2F) (planar Cu sites 
below oxygen-filled chains) for p=0.104 (ortho-II) at T=2 K. c, Full linewidth at half 
maximum of the 63Cu central line for p=0.12 (ortho-VIII) at T=1.4 K. Because of the 
broad and complex Cu spectra in this sample, the splitting of the 63Cu satellite line 
could not be observed8. However, the width of the central line reflects the 
modifications of the lineshape due to charge order modulating the hyperfine fields8. 
d, Quadrupole part of the splitting of the 17O(2) line for p=0.125 (ortho-VIII) at 
T=2.1 K. e, Hole-doping dependence of the onset field Hcharge as determined from a 
fit of the data to (H-Hcharge)0.5 (thin black lines in a-d ). The minimum of Hcharge near 
p=0.115-0.12 parallels that of the vortex-melting field Hmelt(T→0) which has been 
argued to reflect the upper critical field Hc2(T→0) (ref. 15). Error bars represent 
standard deviations in the fit parameters. 
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Figure 4 | Halos of incipient charge order centred on vortex cores. 
The yellow tubes represent the vortex cores of radius given by the superconducting 
coherence length ξSC. Black and white halos represent a snapshot of sites with high 
and low charge density. The charge density modulations are presumably fluctuating, 
or they are at most weakly pinned, for fields lower than Hcharge and thus do not 
produce an NMR splitting. These halos of incipient charge order start to overlap at 
Hcharge and thus induce long-range order. This description, inspired from scanning 
tunnelling microscopy results in Bi-2212 (ref. 2), is quantitatively consistent with our 
results in YBa2Cu3Oy (see text). ξcharge is the typical length over which the charge 
density is correlated, thus defining halos of diameter 2ξcharge around the vortex cores. 
The actual pattern of the charge density modulation plays no role in the discussion of 
this paper, so its representation is arbitrary here. 
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Nominal y 
in 
YBa2Cu3Oy 
Chain-oxygen 
order 
Tc 
 
Doping 
p (hole/Cu) 
Comment 
6.54 O-II 59.6 K 0.104 Tc & p values revised with 
respect to Ref. (8) 
6.56 O-II 59.8 K 0.109 17O enriched 
6.67 O-VIII 67 K 0.12 Ref. (8) 
6.68 O-VIII 67.8 K 0.125 17O enriched 
Table 1 | Samples reported in this study. 
 
